Tetracene is an organic semiconductor with chemical formula C 18 H 12 used in organic field effecttransistor (OFET) and organic light emitting diode (OLED). In this work, the molecular geometry (optimized bond lengths and bond angles), vibrational frequencies and intensities, HOMO-LUMO Energy gap and Atomic charge distribution of the Tetracene molecule in gas phase and in solution were calculated and reported. Restricted Hartree-Fock (RHF) and Density Functional Theory (DFT) with different basis sets were employed for the task. Windows version of Gaussian 03 software was used to perform all the calculations. The results obtained show that the bond length obtained using RHF has the lowest average value of 1.072Å and that obtained using DFT has the lowest average value of 1.085Å in gas phase. In Methanol, it is observed that at RHF level, the lowest average value was 1.075Å and at DFT level was 1.087Å. This shows that the values are a bit higher in methanol than in gas phase which implies that the bonds will be slightly stronger in gas phase than in methanol. The strongest bonds in tetracene molecule are those of C20-H28, C23-H29 and C24-H30 in both gas and methanol. The weakest bonds are those of C6-C12 and C6-C14.The bond angles were found to be so closed to 120 0 at both levels of theory for all basis sets used suggesting that the molecule is planar benzene in which the C atoms are hybridized. The calculated HOMO-LUMO energy gap shows that the molecule will be slightly more stable in chemical reaction in gas phase than in methanol. DFT values of the energy gap appeared to be closer to the reported experimental value of 2.6eV than those obtained by RHF. The atomic charges distribution was found to be very sensitive to the basis sets which presumably occur due to polarization. From the results obtained for vibrational frequencies, it shows that tetracene molecule would be more stable in gas phase that in methanol as a result of no imaginary frequency found in gas phase. This confirms the stability of the molecule as stated in the results of HOMO-LUMO energy gap. The calculated vibrational frequencies show that the most intense frequency was obtained to be 924.9862cm -1 at 146.7973KM/mole by RHF/3-21G in gas phase while at B3LYP/3-21G, it has the most intense frequency of about 474.1260cm -1 at 390.1077.2845MK/mole in methanol.
INTRODUCTION
Organic semiconductor materials (OSM) such as oligoacenes, a subclass of polyaromatic hydrocarbon are made of fused of benzene rings joined in a linear arrangement ( Cappellin et. al., 2009 ) hold a great promising benefit as active elements in a variety of electronic and optoelectronic devices (Yumusak et. al., 2012) . In general, one of the most important advantages of organic materials instead of inorganic materials is its low cost, low temperature and solution-based processing. Among the organic compounds, polyacenes demonstrate a promising results as the ideal case due to their simple structure and they find several applications in organic thin films field effect transistors, organic light-emitting diode (OLEDs), solar cell, e.t.c . Also, acene ring based on tetracene molecule was reported to exhibit superconducting properties at low temperature. Moreover, Organic semiconductors have been intensely researched for two decades because they are key components in organic field-effect transistors (OFETs) which are necessary for next-generation electronics, such as flexible sensors. The term organic semiconductors implies that the materials are mostly made up by carbon and hydrogen atoms, with a few heteroatom such as sulfur, oxygen and nitrogen included and they show properties typically associated with a semiconductor materials (Anna and Heinz, 2015) .
Conduction mechanisms for organic semiconductor are mainly through tunneling; hopping between localized states, mobility gaps, and phonon assisted hopping. Like inorganic semiconductors, organic semiconductors can be doped in order to change its conductivity. Although inorganic semiconductors such as silicon, germanium and gallium arsenide have been the backbone of semiconductor industry, for the past decade, demands for pervasive computing have led to a dramatic improvement in the performance of organic semiconductor. Organic semiconductors have been used as active elements in optoelectronic devices such as organic light emitting diodes (OLED), organic solar cells, and organic field effect transistors (OFET). There are many advantages of using organic semiconductors, such as easy fabrication, mechanical flexibility, and low cost.
Organic semiconductors offer the ability to fabricate electronic device at lower temperature and over large areas on various flexible substrate such as plastic and paper. They can be processed using existing techniques used in semi conducting industry as well as in printing industries such as roll-to-roll manufacturing.
However, the mobility of organic semiconductor cannot match the performance of fieldeffect transistors based on single-crystalline inorganic semiconductor such as silicon or germanium. These inorganic semiconductors have charge carrier mobilities nearly three order of magnitude higher than typical organic semiconductor (Mason et. al, 2002) .
As a result of this limitation, organic semiconductors are not suitable for use in electronic applications that require very high switching speeds. However, the performance of some organic semiconductors, coupled with their ease of processing makes it competitive in electronic applications that do not require high switching speed such as amorphous silicon. Organic semiconductors can be divided into two types, short chain (oligomers) and long chain (polymers) (Shaw and Seidler, 2001) . Typical examples for semiconducting oligomers are pentacene, anthracene, tetracene, and rubrene. Some semiconducting polymers are Poly (3-hexylthiophene) and poly (p-phenylene vinylene).
Short chain organic semiconductors are usually formed by a series of benzene rings in which the π-bonds become delocalized to form a π-system. Long chain organic semiconductors are usually polymers that are delocalized along the chain to form a onedimensional system resulting in a 1D-band structure that has considerable band width. The transport properties of such polymers are usually determined by defects in the 1D-chains or by hopping from chain to chain. Polymer organic semiconductors are usually deposited in wet processes, like spin coating or doctor blading.
Tetracene has been identified as an organic semiconductor with chemical formula C 18 H 12 . It is a polycyclic aromatic hydrocarbon. Tetracene is a molecular organic semiconductor, used in organic field-effect transistors (DEFTs) and organic lightemitted diode (OLEDs). In May 2007, researchers from two Japanese universities, Tohoku University in Sendai and Osaka University, reported an ambipolar light-emitting transistor made of a single tetracene crystal (Takashi et al., 2007) . Ambipolar means that the electric charge is transported by both positively charged holes and negatively charged electrons. Tetracene can also be used as a gain medium in dye lasers as sensitizer in chemo luminescence. Jan Hendrik Schön during his time at Bell Labs (1997 Labs ( -2002 claimed to have developed an electrically pumped laser based on tetracene. In February 2014, National Aeronautic and space Agency (NASA) announced a greatly upgraded database for tracking polycyclic aromatic hydrocarbons (PAHs), including Tetracene, in the universe (Hoover, 2014) . The frontier orbital (LUMO and HOMO) energies of tetracene molecule have been invetigated and reported by (Peter et al., 2009 and Musa et al., 2015) .
Figure 1. Structure of Tetracence molecule
In this work, geometry optimization and vibrational analysis of tetracene neutral molecule in order to find out the effects in both gas phase and in methanol are intended to be carried out. The effects of different levels of theory and basis sets will also be investigated.
THEORETICAL BACKGROUND Density Functional Theory (DFT)
Density Functional Theory (DFT) is a computational method that derives properties of the molecules based on the determination of their electron density. DFT methods have become the most widely-spread ab-initio methods in Computational Materials Science (CMS) and Solid state Physics, due to their high computational efficiency and very good accuracy for the structure of molecules, crystals, surfaces and their interactions. In DFT methods, the energy of the molecule is a functional of the electron density ( Gidado et al., 2015) .
Vibrational Frequency
The vibrational frequencies are calculated with the following equations (Gidado et. al., 2015) (1) where is the Hessian matrix, refers to the mass of atom I, and refers to a displacement of atom i in the x-, y-, or z-direction,
where U is a matrix of eigenvectors and is a vector of eigen values, and (3) Where is the k th eigen value and v k is the k th vibrational frequency. The infrared intensities can be computed with the equation (Gidado et al., 2015) where is the self-consistent field energy, f is the electric field, a is a nuclear coordinate, is the one-electron atomic orbital integral, U a is related to the derivative of the molecular orbital coefficients with respect to a by
The term "all" in the above summations refers to all occupied and virtual molecular orbitals and .d.o... Refers to doubly occupied orbitals such as those found in the ground state of a closed-shell system.
Terms such as refers to the coefficients of the atomic orbital m in the ith unperturbed molecular orbital.
HOMO-LUMO Energy
The Highest occupied molecular orbital energy (HOMO) and lowest unoccupied molecular orbital energy (LUMO) are very popular quantum chemical parameters. These orbital's, also called the frontier orbital's, determine the way the molecule interacts with other species. The HOMO is the orbital that could act as an electron donor, since it is the outermost (highest energy) orbital containing electrons. The LUMO is the orbital that could act as the electron acceptor, since it is the innermost (lowest energy) orbital that has room to accept electrons. According to the frontier molecular orbital theory, the formation of a transition state is due to an interaction between the frontier orbital's (HOMO and LUMO) of reactants. The energy of the HOMO is directly related to the ionization potential and the energy of the LUMO is directly related to the electron affinity. The HOMO-LUMO gap, that is the difference in energy between the HOMO and LUMO, is an important stability index. A large HOMO-LUMO gap implies high stability for the molecule in chemical reactions. The concept of ''activation hardness" has been also defined on the basis of the HOMO-LUMO energy gap. The qualitative definition of hardness is closely related to the polarizability, since a decrease of the energy gap usually leads to easier polarization of the molecule.
The HOMO-LUMO gap is defined as (Gidado et. al.,
2015)
Where
Is the HOMO-LUMO gap energy Is the HOMO energy Is the LUMO energy
MATERIALS AND METHODS
All computations were carried out using Windows Version of Gaussian 03 software (Frisch et al., 2004) .
The molecular structures and geometries of tetracene have been completely optimized using ab-initio quantum mechanical calculations at the Restricted Hartree-Fock (RHF) and Density Functional Theory (DFT) level of theory without using any symmetry constraints using various basis sets. Gaussian 03 software is a computational Physics and Chemistry program that is used for electronic and geometric structure optimization (geometry optimization, transition states, single point calculation and reaction path modeling), molecular properties, vibrational analysis, electrostatic potential, electron density, and multi-pole moment e.t.c. using both DFT and RHF methods. Geometry optimizations were performed using RHF and DFT levels of theory with different basis sets such as 6-31G, 6-31G (d), 6-31+G and 6-31G(d,p) . A basis set is a set of wave functions that described the shape of atomic orbital's (AOs). The Density Functional Theory is a cost effective method for inclusion of electron correlations. Geometry optimization is a name for the procedure that attempts to find the configuration of minimum energy of the molecule. The procedure calculated the wave function and the energy at the starting geometry and then proceeded to search a new geometry of a lower energy. This was repeated until the lowest energy geometry was found. In a nut shell geometry optimization was done by locating both the minima and transition states on the potential surface of the molecular orbitals. The optimized molecule obtained from geometry optimization was used as the starting geometry for vibrational calculations. The vibrational analysis was performed by computing the Hessian matrix and the force constants for all the normal modes of the molecule. The frequencies were scaled with a factor of 0.89 in order to remove the effect of the harmonic oscillator. Frequency job began by computing the energy of the input structure. It then went on to compute the frequencies for the structures. Gaussian predicted the frequencies and intensities of each spectral line. The HOMO-LUMO Energy was calculated and from which the energy gap was calculated as the difference in energy between the HOMO and LUMO. IRPal 2.0 was used to interpret the spectra.
RESULTS AND DISCUSSION Optimized bond lengths (Å) of Tetracene Molecule in Gas Phase and methanol
The optimized bond lengths of tetracene molecule at two different levels of theory (RHF and B3LYP) in gas phase and Methanol are listed in Tables 1 and 2 . The bond length is the measurable distance between two atoms covalently bonded together. It is worth noting that the shorter the bond length the higher is the value of the bond energy (Suzuki e.tal, 2006) . The results obtained show that the bond lengths using RHF method has the lowest average value of 1.072Å and at DFT level has the lowest average value of 1.085Å in the gas phase. In Methanol, it is observed that at RHF level, the lowest average value was 1.075Å and at DFT level, it was 1.087Å. This indicates that the values are a bit higher in methanol than in gas the phase which implies that the bonds will be slightly stronger in the gas phase than in solution form. Table1 also shows that the basis set 3-21G gives the lowest values of the bond lengths and 6-31G+ gives the highest values of the bond lengths at RHF level of theory. It is observed that the bonds R(20,28):C20-H28 and R(23,29):C23-H29 follow by R(13,21):C23-H21, R(14,22):C14-H22, and R(17,25):C17-H25 between carbon and hydrogen atoms at the indicated positions have the lowest values of bond lengths ranging from 1.0717Å to 1.0728Å. Similarly for B3LYP level of theory, the basis set 3-21G gives the lowest values of the bond lengths and 6-31G+ gives the highest values. It is predicted that the bonds R(13,21);C13-H21 and R(14,22):C14-H22 follow by R(7,15) and R(19,27) between carbon and hydrogen atoms at the indicated positions possess the lowest values of the bond lengths ranging between1.0853Å to 1.085Å. These are the strongest bonds and have the largest values of bond energy in the Tetracene molecule which cannot be easily broken. A large amount of energy is needed to break them. On the other hand, at both levels of theory, the bonds R(6,14):C6-C14, R(12,18):C12-C18, R(20,24)C20-C24, and R(1,2):C1-C2, R(5,11):C5-C11, R(6,12):C6-C12 between Carbon-Carbon atoms at the specified positions have the highest values of bond lengths ranging from 1.4425Å to 1.4557Å. These are the weakest bonds and less amount of energy are required to break them. Similarly, Table 2 shows that at both levels of theory (RHF and DFT), the basis sets 3-21G and 3-21G+ give the least values of the bond lengths and 6-31G gives the highest values. It is predicted that the bonds R (4, 10):C4-H10, R (7, 15):C7-H15, R (13, 21):C13-H21 and R (17, 25):C17-H25 between Carbon and Hydrogen atoms at the specified positions have the lowest values of bond lengths ranging from 1.0753Å to 1.0762Å at RHF/3-21G. Similarly the bonds R (24, 30):C24-H30, R (23, 29):C23-H29 and R (20, 28):C20-H28 between Carbon and Hydrogen atoms at the indicated positions possess the least values of bond lengths ranging within 1.0863Å at B3LYP/3-21G+. These are the strongest and hence have the largest values of bond energy in Tetracene molecule which cannot be easily broken. On the other hand, the bonds R (5, 13):C5-C13, R (11, 17):C11-C17, R (1, 2):C1-C2 and R (5, 11) between Carbon-Carbon atoms at the specified positions have the highest values ranging from 1.4441Å at RHF to 1.4569Å at B3LYP. These are the weakest and hence have the lowest values of bond energy. Therefore less amount of energy will be required to break them. Optimized bond angle (Å) of Tetracene molecule in gas phase and in methanol The optimized bond angles of tetracene molecule at both levels of theory (RHF and B3LYP) in gas phase and methanol are listed in Table 3 and 4. The bond angle is the average angle between the orbitals of the central atom containing the bonding electron pairs in the molecule (Mason and Brady, 2007) . It is expressed in degrees. The bond angle throws more light on the distribution of orbital's around a central atom in a molecule. The bond angles also contribute to the shape of a molecule. Tables 5 and 6 , show the calculated values of the HOMO, LUMO and HOMO-LUMO Energy gap in atomic unit (a.u) and in electron volt (eV) of the studied molecule in gas phase and in solution. It is clear from Table 5 and 6 that the HOMO-LUMO energy gap for the Tetracene molecule is approximately the same for all the basis sets at RHF level of the theory. At this theory, the energy gap is about 6.77864eV for the entire basis sets used. But it is observed that at B3LYP level of theory the energy gap for all basis sets used is about 2.456eV for both gas and methanol. This value is more in agreement to a reported experimental value of 2.63 (Musa et al., 2015) . Thus, B3LYP calculations are more in agreement with the experimental value due to the inclusion of electron correlation than RHF. However, the average value of HOMO-LUMO energy gap in gas phase is 2.456eV which is slightly higher than the average value obtained in solution 2.455eV. This indicates that tetracene is slightly more stable in the gas phase than in solution form. 
HOMO-LUMO Energy Gap

Mulliken Atomic Charges
The calculation of effective atomic charges plays an important role in the application of quantum mechanical calculations to molecular system because atomic charges affect dipole moment, molecular polarization, electronic structure, and a lot of properties of molecular system (Ciolowski et al., 1998). The charge distribution over the atoms suggests the formation of donor and acceptor pairs involving the charge transfer in the molecule. Atomic charge has been used to describe the processes of electro negativity equalization and charge transfer in chemical reaction (Maksic and Jug, 1991) . The interest here is in the comparison of different methods to describe the electron distribution in tetracene molecule as broadly as possible, and assess the sensitivity of the calculated charges to changes in (i) the choice of the basis set; (ii) the choice of the quantum mechanical method. Mulliken charges were calculated by determining the electron population of each atom as defined in the basic functions. The mulliken charges calculated for both gas phase and methanol are listed in Table 7 . The data presented clearly shows that mulliken charges are very sensitive to basis set used in calculation. It is worthy to mention that in the basis set 3-21G, all the hydrogen atoms of the title molecule exhibited positive charge values at RHF level of the theory in the gas phase while all carbon atoms exhibited negative charge values. H25 atom exhibits the highest positive charge value of 0.240669 in the gas phase while in methanol H15 atom exhibits the highest positive value of 0.283561 at RHF/3-21G. On the other hand, the maximum negative charge value of -0.267558 for C19 at RHF/3-21G. In methanol, it is observed that all the hydrogen atoms are positive charge values at RHF/3-21G level of theory. But at B3LYP/6-31G+, all the hydrogen atoms also have positive charge values while all the carbon atoms exhibited negative charge values with the exception of C5-C6 which possessed positive charge values of about 0.150176 and 0.149767 respectively. However, the presence of large negative charge value on C atom and large positive charge value on H atom may suggest the formation of intra molecular interaction in both forms (Rubarani and Sampath, 2013) . Hence, it is also observed that the mulliken charges values in methanol are a bit higher in solution than in gas phase.
Table 7: Mulliken Atomic charge Distributions in Methanol and in Gas Vibrational Frequencies and IR Intensities in Gas Phase and in Methanol
Spectroscopy is the study of matter and its interaction with electromagnetic radiation. All matter contains molecules; these molecules have bonds that are continually vibrating and moving around. These bonds can vibrate with stretched motions or bent motions (Mukamel, 2000) . Infrared spectroscopy is the study of how molecules absorb infrared radiation and ultimately convert it to heat. Thus, IR spectra is the study of interaction of infrared light with matter. When a molecule absorbs infrared radiation, its chemical bonds vibrate and may either be stretched, contracted or bent (Villar et al, 2012) . The main focus of vibrational analysis is to get vibrational modes connected with the precise molecular structures of the measured compound (Hamm et. al., 1998) . Tables 8   and 9 show the calculated vibrational frequencies and intensities of the Tetracene molecule in the gas phase and in methanol.
From the values of the vibrational frequencies obtained in methanol, the first frequencies for DFT were negative which shows that the molecule was at first order saddle point or transition state on the potential energy surface. Whereas at RHF, where no imaginary frequencies exist, the molecule was very stable. However, in the gas phase, no imaginary frequencies were found at both levels of theory indicating that the molecule would be more stable than in methanol. In gas phase, the most intense frequency was found to be about 925cm -1 which occurred at an intensity of 146.7973 km/mol. At this frequency there is strong P-OR esters and medium RCOOH O-H bend mode of vibrations observed. The second most intense peak has frequency of about 1115cm -1 which occurred at the intensity of 113.4457 km/mol. At this frequency, strong C-F stretch, strong C-O stretch, medium C-N stretch and weak P=O phosphate mode of vibrations were observed. The third most intense frequency of about 3228cm -1 was observed at an intensity of 72.3565KM/mole. At this frequency, strong (broad) dimer OH, and strong broad ArO-H H-bonded mode of vibrations were observed. The fourth most intense peak has frequency of about 3226cm -1 which occurred at the intensity of 47.321 km/mol. At this frequency, strong (broad) dimer OH and strong broad ArO-H Hbonded mode of vibrations were observed. IRPal 2.0 was used to interpret these frequencies. In Methanol, the most intense frequency was found to be about 390.1077cm -1 which occurred at the intensity of 474.126 km/mol At this frequency, strong C-Br and weak S-S disulfide asymmetric mode of vibrations were observed. The second most intense frequency of about 863cm -1 was observed at an intensity of 201.4069 km/mol. At this frequency, there are medium C-H out of plane, strong S-OR esters and strong (broad) N-H wag amines mode of vibrations observed. Another most intense peak has frequency of about 865cm -1 which occurred at the intensity of 198.1175 km/mol. At this frequency, medium C-H out of plane and strong (broad) N-H wag amines mode of vibrations were observed. Another most intense peak has frequency of about 1088.5374cm -1 at the intensity of 187.2281 km/mol. At this frequency, there are strong stretch, strong C-O stretch, medium C-N stretch and weak P-H bending mode of vibrations. IRPal 2.0 software was used to interpret these frequencies. 
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